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A ﬁrst-principles DFT study of the electronic structure of the two-chain molecular conductor
NMP-TCNQ is reported. It is shown that the charge transfer occurring in this salt is not 1 but
2/3, ﬁnally settling the debate concerning the real charge transfer in this molecular metal. These
calculations also lead to a simple rationalization of the three diﬀerent regimes of 2kF and 4kF CDW
instabilities occurring in the solid solutions (NMP)x(Phen)1−xTCNQ.
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I. INTRODUCTION
A considerable amount of work has shown that mod-
ern density functional theory (DFT) based computa-
tional methodologies are reliable enough to cope with
many aspects of the electronic structure of molecular
conductors. This has paved the way to a deeper un-
derstanding at the microscopic level of the always puz-
zling and challenging physical behavior of many of these
low-dimensional materials. For instance, DFT-based ap-
proaches have been able to explore the ﬁne details of the
electronic structure of 2:1 cation radical molecular con-
ductors such as the Bechgaard and Fabre salts1–3 or sev-
eral (BEDT-TTF)2X salts
4–6 where BEDT-TTF stands
for bisethylenedithio-tetrathiafulvalene, X is a monova-
lent anion and the BEDT-TTF layers exhibit diﬀerent
structural arrangements. In all these salts the charge
transfer of one hole every two donors is ﬁxed by the
stoichiometry. Systems were both donor and acceptor
exhibit partially ﬁlled bands are considerably more diﬃ-
cult to cope with because the charge transfer depends in
these cases on the relative position of both the HOMO
(highest occupied molecular orbital) of the donor and the
LUMO (lowest unoccupied molecular orbital) of the ac-
ceptor, as well as on the widths of the bands generated
by these orbitals. Since the charge transfer results from a
ﬁne tuning of all these factors, which in turn are strongly
linked to the structural details, its determination is thus
a delicate problem and yet it has a decisive control on the
physical properties of the system. Infrared spectroscopy,
optical measurements and x-ray diﬀuse scattering are the
more commonly used experimental techniques to deter-
mine the amount of charge transfer, although the ﬁnal
outcome is not always clear-cut. First-principles calcu-
lations can thus aﬀord a powerful tool complementing
these classical techniques in such cases.
An interesting case is provided by NMP-TCNQ
(NMP: N-methylphenazine, TCNQ: 7,7,8,8-tetracyano-
p-quinodimethane) which ranks among the earliest syn-
thesized highly conducting 1D organic salts.7,8 Its crys-
tal structure is built from segregated donor (NMP) and
acceptor (TCNQ) stacks running along the a direction
(Fig. 1a).9,10 However, the physical properties of NMP-
TCNQ have been the object of considerable controversy.
On one hand its electrical conductivity, which exhibits
an activated behavior below ∼ 225 K, has been inter-
preted11 as resulting from a progressive localization of
the electron wave function because of the intrinsic static
disorder due to the asymmetric location of the methyl
group of the NMP molecules (see Fig. 1a).12 One the
other hand the magnetic properties have been described
as resulting from very strong Coulomb interactions be-
tween electrons of the TCNQ stack.14,15 These explana-
tions are, however, based on the assumption of a com-
plete14,15 or nearly complete16,17 charge transfer of one
electron from NMP to TCNQ. Assuming a charge trans-
fer of ρ = 1, NMP+ should be a closed shell molecule and
there will be a Mott-Hubbard localization of one electron
(spin 1/2) per TCNQ acceptor leading to localized mag-
netism. With these interpretations in mind, the ﬁnding
that NMP-TCNQ is subject to two diﬀerent 2kF charge
density wave (CDW) Peierls-like instabilities came as a
real surprise.13 2kF = 1/3a* CDW correlations develop
from room temperature to low temperatures, as predicted
for the ﬂuctuating Peierls chain18, then a second 2kF
= 1/6a* CDW develops below 70 K. From the attribu-
tion of the 2kF = 1/3a* CDW to the TCNQ stacks and
the 2kF = 1/6a* CDW to the partially ordered NMP
stacks12,19 it was deduced that a charge transfer of ρ =
2/3e, well below the previous assumptions, should oc-
cur in NMP-TCNQ. Vibrational spectroscopy measure-
ments20 for TCNQ were in agreement with this incom-
plete charge transfer.
NMP-TCNQ forms also particularly interesting
(NMP)x(Phen)1−xTCNQ solid solutions upon partial
substitution of NMP by the neutral closed shell molecule
phenazine (Phen). When x decreases the donor band
ﬁlling vanishes.21,22 Thus for x ∼ 0.6 one moves from a
two-band system to a one-band system with a simultane-
ous crossover from a 2kF CDW to a 4kF CDW instabil-
ity on the TCNQ stack and a substantial modiﬁcation of
the electronic properties of the solid solution.23,24 This
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FIG. 1: (a) Crystal structure of NMP-TCNQ. Note that the
NMP stacks exhibit positional disorder such that every NMP
molecule has only one of the two possible CH3 groups shown
in (a) and the opposite N atom bears a σ lone pair instead.
(b) LUMO of TCNQ (center) and HOMO of NMP (left). (c)
LUMO of the phenazine molecule.
2kF to 4kF crossover of the dominant CDW instability
suggests that the reduction of screening eﬀects by mobile
electrons when the donor band is emptied is a fundamen-
tal ingredient to set the long range Coulomb interactions
at the origin of the 4kF CDW instability. This ﬁnding
supports the proposal25,26 that the 4kF CDW instabil-
ity is the ﬁngerprint of a Wigner charge localization in
1D. For x = 0.5 one gets a quarter-ﬁlled band salt sim-
ilar to Qn(TCNQ)2 or MEM(TCNQ)2 (Qn: quinolin-
ium; MEM: N-methyl-N-Ethyl-morpholinium) which in
the presence of dominant electron-electron interactions
are subject to a 4kF charge localization and then to a
spin-Peierls instability.
In this communication we try to clarify these conﬂict-
ing scenarios by means of a ﬁrst-principles DFT study
of NMP-TCNQ which clearly conﬁrms that the charge
transfer occurring in this salt is not 1 but 2/3. Our
study also provides a simple rationalization of its phys-
ical behavior and that of the (NMP)x(Phen)1−xTCNQ
solid solutions.
II. COMPUTATIONAL DETAILS
Electronic structure calculations were carried out us-
ing a numerical atomic orbitals DFT approach27,28 as
implemented in the SIESTA code.29–31 We have used
the generalized gradient approximation (GGA) and, in
particular, the functional of Perdew, Burke and Ernz-
erhof.32 Only the valence electrons are considered in
the calculation, with the core being replaced by norm-
conserving scalar relativistic pseudopotentials33 factor-
ized in the Kleinman-Bylander form.34 We have used a
split-valence double-ζ basis set including polarization or-
bitals generated with an energy shift of 10 meV for all
atoms.35 The energy cutoﬀ of the real space integration
mesh was 250 Ry. The Brillouin zone was sampled using
a grid of (55×3×3) k-points36 in the irreducible part of
the Brillouin zone for determination of density matrix.
The results have been checked to be well converged with
respect to the Brillouin zone sampling, real space grid
and range of the atomic orbitals. The experimental x-ray
crystal structure9 disregarding the positional disorder of
the methyl groups of NMP was used in the calculations.
Test calculations showed that this assumption does not
inﬂuence the computational results.
III. RESULTS AND DISCUSSION
A. Electronic structure of NMP-TCNQ
The electronic structure of NMP-TCNQ in the vicinity
of the Fermi level is built from the LUMO of TCNQ and
the HOMO of NMP (Fig. 1b). These two orbitals lead
to two bands that cross the Fermi level. As shown in Fig.
2 these bands exhibit a signiﬁcant dispersion only along
the stacks direction. The quasi-1D nature of the band
dispersion is clearly proven by the energy dependence of
the total and partial density of states (DOS) which ex-
hibit a pronounced divergence at band edges (see Fig. 3).
The donor and acceptor bands have parallel dispersions,
diﬀering in this sense from the well known TTF-TCNQ
case, where the donor and acceptor bands have disper-
sions of opposite sign.37,38 The calculated width of the
TCNQ LUMO band is ∼ 0.71 eV whereas that of NMP
HOMO is of ∼ 0.52 eV. The TCNQ bandwidth is compa-
rable to that obtained in the ﬁrst-principles calculation of
the band structure of TTF-TCNQ.37,38 Near the Γ point
the NMP band has a higher energy than the TCNQ one,
while the opposite situation occurs in the vicinity of the
X point. Thus the NMP and TCNQ bands tend to cros
at some point along the Γ −X line. There is in fact an
avoided crossing at ∼ 0.35 eV above the Fermi level. In
this respect NMP-TCNQ diﬀers also from TTF-TCNQ
where the band crossing occurs at the Fermi level.37,38 It
is worth noting that, if we take into account this avoided
crossing, the midpoint of the two bands in Fig. 2 practi-
cally coincide. This is not usually the case in these charge
transfer molecular conductors where the midpoint of the
acceptor LUMO usually lies higher in energy than the
midpoint of the donor HOMO. In order to understand
this feature one must realize that if the methyl group of
NMP is removed the phenazine molecule is generated. By
doing this, the electron in the NMP HOMO is formally
transferred to complete the σ lone pair of the aﬀected
N atom and a closed shell molecule is generated. Since
the removal of the methyl substituent has only a weak
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FIG. 2: Band structure for NMP-TCNQ. Γ−X is along the
stack direction, Γ − Y is between neighboring stacks of the
same molecules while Γ−Z is between neighboring NMP and
TCNQ stacks. The zero energy corresponds to the Fermi
energy.
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FIG. 3: Calculated density of states (DOS) for NMP-TCNQ
and local DOS for the NMP HOMO and TCNQ LUMO in
the vicinity of its Fermi energy. The zero energy corresponds
to the Fermi energy.
eﬀect on the π system of the molecule, the HOMO of
NMP is almost the same orbital as the LUMO of Phen
(compare Figs. 1b and 1c). In other words, the HOMO
of the donor is very similar to an antibonding molecular
orbital of the parent phenazine, so that it must be higher
in energy than the HOMO of usual donors.
In NMP-TCNQ there is one electron per formula unit
to share between the NMP and the TCNQ bands. With
this ﬁlling the location of the Fermi level in the band
structure of Fig. 2 (left) leads, respectively, to the TCNQ
and NMP Fermi wave vectors kTCNQF = 1/6a* and k
NMP
F
= 1/12a*. Thus the separate nesting of the TCNQ and
NMP bands occurs for the 2kTCNQF = 1/3a* and 2k
NMP
F
= 1/6a* wave vectors which exactly correspond to those
of the two experimentally observed CDW instabilities
of NMP-TCNQ.13 Integration of the partial densities of
states for the NMP and TCNQ stacks (Fig. 3) also leads
to 2/3 electrons on TCNQ and 1/3 electrons on NMP.
Finally, the double sheet Fermi surface of NMP-TCNQ
is reported in Fig.4. The two sheets of this Fermi surface
are very weakly warped. Since the avoided crossing lies
high enough from the Fermi level every, each sheet can
be associated either to the NMP or TCNQ stacks.
Figs. 2 (right) and 4 show that due to the diﬀerent
nodal symmetry of the LUMO and HOMO (see Fig. 1b),
the transverse dispersions of the TCNQ and NMP bands
have opposite signs. The DFT calculation yields trans-
verse bandwidths of ∼ 14 meV and ∼ 5 meV along the
Γ−Y and Γ−Z directions, respectively. This leads to an
average t⊥ of ∼ 2.5 meV which is close to the ∼ 1.5 meV
value estimated from an NMR study of the spin dynam-
ics on the NMP stack.17 Indeed the same NMR study
shows that the spin dynamics in the TCNQ stack has a
1D diﬀusive behavior at room temperature. The small
values of the transverse bandwidth show that the warp-
ing of the Fermi surface and associated nesting eﬀects
are only thermally relevant below T < t⊥/π ≈ 10 K.
Thus the local transverse coupling between 2kF CDWs
which develops below 200 K in NMP-TCNQ13 must be
caused by Coulomb interactions between CDWs as it is
generally the case in charge transfer salts.
B. Charge transfer
The present calculations show that contrary to ear-
lier expectations NMP-TCNQ is a partly ﬁlled two-band
system with a partial charge transfer of 2/3 electrons
from NMP to TCNQ due to the fact that the HOMO
and LUMO energies of the two species are very close
in energy. Very recently a NEXAFS study of the re-
lated salts TMP-TCNQ and HMP-TCNQ (TMP/HMP
is tetra-/hexa-methoxypyrene) has provided evidence for
a partial charge transfer of 0.13 (0.17) electrons from
the TMP (HMP) to the TCNQ.39 It is interesting to
remark that the charge of 2/3 electrons per TCNQ
molecule is also found in the ternary organic conduc-
tor TMA+TCNQ−2/3(I−3 )1/3.
40 However whereas NMP-
TCNQ is subject to 2kF CDW ﬂuctuations down to low
temperature, the single stack TCNQ ternary salt exhibits
a sharp metal-to-insulator transition at 150 K accompa-
nied by a tripling of the stack periodicity40 with elec-
tronic properties bearing some resemblance with those of
the charge ordered phase of the Fabre salts.41,42
The present ﬁrst-principles calculation for NMP-
TCNQ leads to a charge transfer coinciding with the ex-
perimental results. This may suggest that the noted good
performance of usual DFT approaches when the band ﬁll-
ing is imposed by the stoichiometry is also extensive to
two-chain conductors. The success of a recent DFT study
in rationalizing the notoriously complex physical behav-
ior of TTF[Ni(dmit)2]2 provides additional support.
43 To
more thoroughly test the quality of our calculations let
us consider the experimentally well-characterized TTF-
TCNQ. A calculation performed with the same method
and computational details,38 leads to a charge transfer
3
a
NMP
TCNQ
FIG. 4: Calculated Fermi surface for NMP-TCNQ.
in excess by about 30% with respect to the experimen-
tal value. Does that overestimation originate from the
bands of TTF, TCNQ or both systems? Practically the
same result is obtained for LDA and GGA plane-wave
based DFT calculations37 so that the failure cannot be
attributed to the particular DFT approach used. The
width of the TCNQ LUMO band in NMP-TCNQ and
TTF-TCNQ is very similar, 0.71 eV and 0.73 eV, respec-
tively. In addition, these values are in good agreement
with the experimental estimations for TTF-TCNQ which
are around 0.7-0.8 eV.44,45 Consequently, the overesti-
mation of charge transfer in TTF-TCNQ is not due to
a poor description of the TCNQ LUMO bands within
DFT. Our calculated width for the TTF HOMO band
in TTF-TCNQ is 0.62 eV, a value similar to those cal-
culated by Sing et al,46 0.625 eV, and Ishibasi et al,37
0.65 (LDA) or 0.67 (GGA), despite technical diﬀerences
between the three calculations (Ishibashi et al. use LDA
and GGA within a plane-wave pseudopotential method,
Sing et al. use LDA within the LAPW approach, and
we use GGA with numerical atomic orbitals and pseu-
dopotentials). The calculated width of the TTF HOMO
band, 0.62-0.67 eV, does not seem to follow commonly
accepted ideas according to which the dispersion of the
TTF HOMO bands in TTF-TCNQ should be clearly
smaller than that of the TCNQ LUMO bands. In fact,
experimental estimations suggest values around 0.4-0.45
eV.44,45 This situation contrasts with the good agree-
ment between calculated DFT and experimental esti-
mations of the charge transfer for the TTF[Ni(dmit)2]2
and TTF[Pd(dmit)2]2 molecular conductors.
43 The im-
portant diﬀerence is that the width of the TTF HOMO
bands is noticeably larger in these compounds, 0.89 eV
and 1.18 eV, respectively. Both TTF[Ni(dmit)2]2 and
TTF[Pd(dmit)2]2 are room temperature metals. In con-
trast, the observation of a 4kFCDW instability located
on the TTF chains of TTF-TCNQ by X-ray diﬀuse scat-
tering experiments47 suggests that electronic correlations
are important in the TTF stacks of this salt. We have
found that in such case the GGA+U approach48 with U =
4 eV for the 3p electrons of S provides a good description
of the band widths and charge transfer of TTF-TCNQ
and other related two-chain conductors, thus extending
the usefulness of DFT for the study of these systems.
C. The (NMP)x(Phen)1−xTCNQ solid solution
The calculated band structure for NMP-TCNQ can
also account for the evolution of the band ﬁlling in
(NMP)x(Phen)1−xTCNQ solid solutions if one assumes
that varying the amount of neutral Phen molecule re-
sults only in a change of the number of electrons (x) that
populate the conduction band without aﬀecting its dis-
persion. As mentioned before, the phenazine molecule is
not only structurally very similar to NMP, but possesses
a LUMO that is topologically equivalent to the HOMO of
NMP (Figs. 1b (left) and 1c). Consequently, the overlap
integrals should be very similar when the replacement of
Phen for NMP occurs in the chains. Although the site
energies are in principle not exactly the same, when Phen
and NMP occur in a mixed stack with excellent overlap
between the π orbitals of the two molecules, they should
not diﬀer noticeably. Thus a rigid band model should
capture the essential physics of the system. In such a
model it is easy to calculate the evolution of the charge
transfer with x. If one denotes ρTCNQ = 4k
TCNQ
F and
ρNMP = 4k
NMP
F (with k expressed in units of a*) the
number of electrons per TCNQ and NMP molecules re-
spectively in the partially ﬁlled bands of this system, it
follows that
ρTCNQ + ρNMP = x (1)
In agreement with the band structure of Fig. 2, if in the
energy range of interest one takes a quadratic dispersion
for the NMP band and a linear dispersion for the TCNQ
band, the Fermi energy with respect to the bottom of the
NMP band for the NMP and TCNQ bands is
εF =

2(kTCNQF )
2
2m
, (2)
and
F = vF (k
TCNQ
F − kc), (3)
respectively. In eq. (3) kc ∼0.145 a* is the wave vector
for which the TCNQ band reaches the minimum energy
of the NMP band. By equating (2) and (3) it is possible
to obtain a simple relation between ρTCNQ and ρNMP :
ρ2NMP = C(ρTCNQ − xc), (4)
with C = 8mvF

≈ 1.1 and xc = 4kc ≈ 0.58. Note that
for x ≥ xc both bands are partially ﬁlled. Using eqs. (1)
and (4) one gets:
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FIG. 5: Number of electrons per TCNQ and donor molecule
as a function of x in the (NMP)x(Phen)1−xTCNQ solid so-
lutions. The continuous blue and red lines are the charges
calculated using the rigid band model discussed in the text.
Experimental points taken from references 21,22. The solid
black line gives the total conduction electrons per formula
unit available.
ρNMP = C
[
− 1
2
+
√
1
4
+
(x− xc
C
) ]
, (5)
and
ρTCNQ = x− ρNMP . (6)
For x ≤ xc only the TCNQ band is partially ﬁlled and
thus, ρTCNQ = x. As shown in Fig. 5, the ρTCNQ (blue
line) and ρNMP (red line) calculated through the above
expressions nicely account for the experimental values
determined in the (NMP)x(Phen)1−xTCNQ solid solu-
tion.21,22
On the basis of the above analysis three diﬀerent situ-
ations can be distinguished:
(i) For x ∼ 1, the carriers are delocalized for each type
of stacks which then exhibit a 2kF CDW instability.
(ii) For 0.5 ≤ x ≤ xc ≈ 0.58 all the electrons are in
the TCNQ stacks which are surrounded by NMP+/Phen0
mixed stacks.49 The Coulomb repulsions of the electrons
located on the TCNQ stack are not well screened because
there are no mobile carriers on the NMP+/Phen0 stack
and the electron density on the TCNQ is low. Under such
conditions the 4kF CDW instability on the TCNQ stacks
is dominant and tends to achieve Wigner-type charge lo-
calization.
(iii) In between these two types of behavior the salt is
subject to two types of disorder: positional disorder of
the methyl group in NMP and NMP/Phen substitution
disorder. Such disorder suppresses the 2kF CDW insta-
bility on the NMP stack.19 The electron density on the
NMP/Phen disordered stack decreases with x and the
electrons tend to localize in regions with excess of NMP.
In contrast the electrons will remain delocalized on the
TCNQ stack which still presents the 2kF CDW instabil-
ity together with growing 4kF CDW correlations when x
approaches xc.
These three regimes provide a simple rigid band type
rationalization of the experimental results noted in the
introduction for these solid solutions.
IV. CONCLUDING REMARKS
A ﬁrst-principles DFT study of the electronic structure
of NMP-TCNQ leads to a charge transfer of 2/3 electrons
and thus settles the debate concerning the real charge
transfer in this room temperature metal. These calcu-
lations lead also to a simple rigid band scheme rational-
ization of the three diﬀerent types of CDW instabilities
occurring in (NMP)x(Phen)1−xTCNQ solid solutions. A
comparison of these results with those for TTF based
two-chain molecular conductors suggests that LDA+U
or GGA+U approaches are needed when the calculated
band width of the TTF HOMO band is relatively nar-
row (0.6-0.7 eV) but otherwise the usual LDA and GGA
functionals provide an appropriate description.
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